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ABSTRACT 
 
Rechargeable Lithium Sulfur batteries are considered as the next generation electrochemical 
energy storage system, because of their high theoretical capacity and high energy density. 
However, before it can be commercialized, the Li-S battery system needs to solve several critical 
problems including the shuttle effect and solubility of higher order polysulfides and volume 
expansion. In this thesis, we focused on addressing these issues by applying air-controlled 
electrospray in cathode fabrication. Then, integration with layer-on-layer structure made it possible 
to achieve a better performance at a high sulfur loading. Further, a current collector free strategy 
where sulfur/carbon cathode materials are directly deposited on a separator helped to obtain a 
higher gravimetric and volumetric energy density. 
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CHAPTER 1 
Introduction 
1.1 Overview of Lithium Sulfur Battery 
Electrochemistry was one of the oldest concepts that was invented in the late 1700s. It has more 
history than the gasoline. So, why do combustion engine cars precede electric vehicles technology? 
There are several answers that we can point out. Price point, electric vehicles are relatively 
expensive and hard to maintain, technology point. However, after the advancement of 
technological device, global warming issue, and popularity on EV, billions of dollars were poured 
into energy storage R&D. A lot of funding dedicated on the advancement of lithium-based battery.  
 
Unfortunately, the development of lithium ion battery is approaching the theoretical limit. Several 
new concepts are introduced: Liquid metal batteries, lithium sulfur, lithium air, sodium ion, etc to 
replace a lithium ion commercially lithium ion battery. Lithium sulfur is one of the promising 
candidates because of its high energy density, about 3-5 times than the conventional lithium ion 
battery. Low cost and readily available materials are also another incentive[1–3]. However, 
problem with sulfur based battery is the poor capacity retention due to intermediate reaction 
dissolution and migration to the anode sides, called shuttle effect, electronically insulating 
material, and low active material utilization[1,4]. Those factors inhibit lithium sulfur to reach the 
maximum potential and hinder the commercialization to compete with lithium ion battery. 
 
Many attempts have been made to circumvent the problems. The most popular one is infusing 
sulfur particles into mesoporous carbon. Carbon is cheap, abundant, and conductive materials. By 
the addition of carbon, the electron pathway is created among sulfur network, enhancing sulfur 
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utilization and improve its performance. There are several types of carbon readily available for 
sulfur battery implementation: micro/mesoporous carbon (Super P and Ketjen black) [5,6], carbon 
nanotube[7,8], graphene[9], graphene oxide[10–12], carbon fiber[13,14], etc., which have pro and 
cons among them. Graphene is a 2D flat carbon material, and it has an excellent conductivity to 
deliver electrons to the active materials, but it is relatively expensive[9,15]. On the other hand, 
graphene oxide has a good capability to anchor polysulfides from diffusing to anode material; 
however, it is relatively insulating because of the myriad oxide groups protruding from the carbon 
planar[10,12].  
 
For more advanced system like high loading sulfur, 3D host materials are needed as a template 
[16]. Typically: carbon nanofiber, cellulose fibers, or carbon nanotubes were implemented for a 
high loading sulfur (>10 mg cm-2). In addition, the addition of carbon nanofiber interlayer is 
essential to further trap the lithium polysulfides and mitigate the shuttling effect[13]. However, 
this method is unsuitable for production, because of low gravimetric energy density from the 
addition of interlayer. The problem with 3D carbon materials is the inflexibility for scaling up. For 
coin cells, it won’t cause big problem, however, when implemented into pouch cells or cylindrical 
cells, the bending instability will not preserve the structure, and the welding will be challenging as 
well.  
 
To address the safety issue from the electrolyte, several scientists investigated the possibility of 
using gel polymer electrolyte (GPE) by crosslinking electrolyte solution with the additives[17]. 
Sold state battery is gaining more popularity in the electric vehicles application because of the 
need to prevent casualties. The polymer property prevents the ignition in case of thermal runaway 
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or short circuit. In addition, solid state battery eliminates the need of separator. However, the 
lithium ion diffusion is also hindered in the polymer solution and results in low capacity. 
 
In our research, we are focusing on the deposition method by our novel method called air-
controlled electrospray process[18,19]. By implementing our process, we obtained a different 
morphology on the electrode surface. Instead of having a flat, continuous surface. Based on our 
experience, it enhances the electrolyte penetration and improve the wetting. As a result, lithium 
ion will be easily diffused through the sulfur particles and more reaction sites will be available, 
consequently improving the capacity performance of the cell itself. More detailed explanation on 
air-controlled electrospray process will be described below. 
 
1.2 Air Controlled Electrospray process 
Unlike conventional electrospray process, the air-controlled electrospray utilizes a convective air 
flow jet to accelerate the drying and deposition process[18]. The nozzle is comprised of two 
concentric cylinders. The solution is ejected from the inner cylinder, while the air propels through 
outer nozzle, which is connected to a high voltage source. Our studies indicate that the impinging 
dry air of the air-controlled electrospray process tends to form smaller charged droplets and 
evaporate solvent faster, resulting in dry solute deposited on the current collector[19]. The 
evaporation is accelerated due to higher surface area exposed to the surrounding dry air.  
 
In this thesis, the lithium sulfur performance utilizing air-controlled electrospray process will be 
explained in detail. Chapter 2 will encompass the application of air-controlled electrospray in 
fabrication of facile one-step cathodes. In Chapter 3, we will discuss the implementation of layer-
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layer structure using air-controlled electrospray process to achieve good performance at high sulfur 
loading. In Chapter 4, we utilized air-controlled electrospray to directly deposit the active materials 
on partially coated graphene separator. Graphene coating will undoubtedly increase the charge 
transfer resistance because the lithium ion diffusion is inhibited, but with partially coating 
graphene on separator, we leave some space for the lithium ion to diffuse to the electrode and 
perform the electrochemical reaction.  
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CHAPTER 2 
Facile and Scalable Fabrication of Sulfur Cathodes  
via Air-Controlled Electrospray 
2.1 Introduction 
With excessive use of fossil fuels in the past centuries, new clean and sustainable energy sources 
are needed more than ever to address the energy and environmental problems. One of the key 
challenges is effective methods for energy conversion and storage. The lithium-ion battery is one 
of the current solutions widely used in portable electronic devices and electric vehicles. However, 
it has nearly reached its limits in recent years. Among prospective substitutes, the lithium sulfur 
battery system is attractive because of its high theoretical energy density (2600 Wh kg-1) and high 
theoretical energy capacity (1675 mAh g-1) [1-4]. Also, the active material, sulfur, is abundant, 
nontoxic, cost effective and environmental-friendly. 
 
However, lithium sulfur batteries suffer from a few challenges that need to be addressed before 
commercialization. First, the dissolution of some polysulfide species causes loss of active material 
and results in high capacity fading. The dissolved high order polysulfides shuttle to the anode, 
react with lithium and migrate back to the cathode to get re-oxidized. Second, the insulating nature 
of sulfur and polysulfides increase the cell resistance and hinder the utilization of active materials. 
Also, sulfur experiences an 80% volume expansion when converting to Li2S, which may disrupt 
the cathode structure and block reaction sites. Lastly, the use of toxic electrolyte and lithium metal 
also raise safety concerns in application. [5,6]. 
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Scientists have been working for decades to address these problems. The most popular method is 
sulfur impregnation in carbon, such as graphene oxide [4–6], graphene sheets [7,8], carbon 
nanotube [9,10], carbon nanofiber [11–14], or any functionalized carbon materials [15,16]. The 
various structures of carbon materials enhance the performance by increasing the conductivity and 
mitigating polysulfide shuttling at the same time. To commercialize Li-S batteries, high sulfur 
loading is necessary to enable an operating current density of 4 mAh cm-2 to match lithium ion 
batteries. However, at such a high loading, challenges of lithium sulfur batteries are magnified 
with more severe shuttling effects and lower sulfur utilization that accelerates cathode degradation. 
For example, Fang and co-workers proposed a 3D interconnected electrode material[17]. Later, 
Peng used a Janus separator to gain a high areal capacity at 5.4 mg cm-2[18]. Building a porous 
and stable nanostructure is one way to provide more efficient conductive pathways and a stronger 
polysulfide trapping ability at high loading. This can be accomplished by applying the electrospray 
technique, which also makes it possible for fabrication of facile and scalable electrodes.  
 
Herein, we propose a facile strategy to fabricate a uniformly coated electrode with hybrid 
microporous structures. Application of the air-controlled electrospray technique makes it possible 
to control the morphology of cathode by changing spray parameters and obtain a uniform coating 
with high sulfur loading. The well-developed structure can trap polysulfides and retard the 
shuttling effect. Also, higher sulfur utilization can be achieved through improved electron transfer 
from low polarization and fast redox reaction kinetics. 
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2.2 Experimental Methods 
2.2.1 Preparation of Sulfur-Carbon solution 
0.8 g of active sulfur material was mixed and grinded with 0.2 g of Ketjen Black. Then, the mixture 
was heat treated under air at 155oC for 12 hours to ensure sulfur encapsulation in Ketjen Black. 
The KB/S mixture, graphene and polyacrylic acid were dispersed at 7:2:1 mass ratio in water and 
IPA at 7:3 volume ratio to have 6% solid content. The solution was sonicated below room 
temperature for one hour. 
2.2.2 Fabrication of sprayed sulfur cathodes  
Lithium sulfur cathode solutions were sprayed onto carbon coated aluminum foil using a coaxial 
needle (12-gauge inside, 16-gauge outside). The infusion rate and distance were kept at 0.05 ml 
min-1 and 10 cm, respectively. The voltage and air pressure were changed to have electrodes 
sprayed at no electric field (0 kV/ 25 psi), no air (25 kV/ 0 psi) and both electric field and air (25 
kV/ 25 psi). The spraying behavior is visualized using a high-speed camera (RedLake MotionPro 
HS-3 with Nikon MICRO NIKORR 60mm 1:2:8 lens). The images are taken at 1000 frames per 
second.  
2.2.3 Electrolyte Composition  
The electrolyte was 1 M of bis(trifluoromethane)sulfonimide lithium salt (LiTFSI) and 0.15 M of 
lithium nitrate (LiNO3) in a 1:1 volume ratio of 1,2-dimethoxyethane (DME) and 1,3-Dioxolane 
(DOL). All were purchased from Sigma Aldrich. 
2.2.4 Characterization Methods 
Thermogravimetric analysis (TGA) was measured with a heating rate of 10 oC min-1 under nitrogen 
on a TA Instruments Q500. Scanning electron microscopy (SEM) and Energy Dispersive X-ray 
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(EDX) images were taken on a Tescan Mira3 FESEM.  
Electrochemical performances were measured with cathodes in 2032-type coin cells assmbled in 
an argon-filled glovebox. Cyclic voltammetry and electrochemical impedance spectroscopy (EIS) 
tests were performed using a potentiostat (BioLogic BCS 815). Cycling and rate capability test 
were carried out with a battery cycler (MTI Corporation) at room temperature. 
 
2.3 Results and discussion 
2.3.1 Air-controlled Electrospray 
The spraying process of carbon/sulfur solution, and the effect of air flow and voltage is studied. 
The radius of the droplets and the size distribution is observed for three cases: i) Electrospray ii) 
Air spray and iii) Air controlled (AC) electrospray. 
 
In electrospray, 5 different voltage differences are applied without air. Different electric field 
strength gives different extension and axisymmetric instability on the jet. The coulombic 
interactions between the surface charges on the jet increase the instability and lead to the jet break-
up [19]. With highly conducting Ketjen Black/graphene, an increase in the electric field results in 
increasing instability growth rate. As a result, smaller size and larger number of droplets are 
formed at higher voltage. From Figure 2.1, it can be observed that the jet breaking up occurs at the 
Taylor cone. As the voltage is increased, the size of droplets decreases. 
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Fig. 2.1. Air spray at voltage a) 5 kV b) 10 kV c) 15 kV d) 20 kV e) 25 kV 
 
In air spray, four different air pressure were applied without any electric field. Jet extension and 
instability were provided by drag from the air. From Figure 2.2, it can be observed that increasing 
air pressure decreased the size of the droplets and increased droplet numbers due to the thinner jets 
formed at high air flow rates. Compared to the electrospray process shown previously, spraying 
with only air made the process more chaotic and rapid.  
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Fig. 2.2. Electrospray at air pressure a) 5 psi b) 10 psi c) 15 psi d) 20 psi   
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Air-controlled electrospray is a combination of air spray and electrospray as shown in Figure 2.3. 
Both air pressure and electric field play an important role in the formation of jets and size 
distribution of droplets.  Compared to air spray, the droplet size was more uniform because of the 
addition of an electric field. As expected, droplet number still increased with increasing air 
pressure.  
 
Fig. 2.3. Air-controlled electrospray at voltage 25kV and air pressure  
a) 5 psi b) 10 psi c) 15 psi d) 20 psi  
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Figure 2.4 presents the SEM images for slurry coating, air spray, electrospray and air-controlled 
electrospray.  For slurry coated electrode (Fig 2.4a), the surface image shows a dense layer with 
cracking, which is the result of the drying process. This will get worse with increasing sulfur 
loading and electrode thickness [20]. In the spray technique (Fig 2.4 b-d), the morphology highly 
depends on the parameters, like flow rate, distance, electric field and convective air-flow. In Figure 
2.4b, the electrosprayed surface shows a dense surface consisting of inconsistent dark and light 
color regions.  As explained in the previous section, solvent evaporation was not quick enough, 
and droplet sizes were too big due to lack of instability. With the help of strong air, air spray 
electrodes showed more uniform coating as shown in Figure 2.4c. Further combining both, a more 
porous surface was obtained by air-controlled electrospray. The voids and rough surfaces are 
beneficial as they can accommodate the sulfur expansion and good electrolyte penetration[21].  
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Fig. 2.4. SEM images of cathodes via a) slurry coating, b) electrospray, c) air spray and d) air-
controlled electrospray 
 
2.3.2 Electrochemical Performance 
To check the consistency of sulfur content after spraying, the active materials were scraped from 
the aluminum collector for thermogravimetric analysis (TGA). As shown in the Figure 2.5, at 
400°C, there was around 35.8% residual, which should consist of Ketjen Black and graphene. If 
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all 10% of PAA was assumed to be removed, sulfur content can be decided to be 54.2%. This was 
very closed to the original composition in the solution (56%). The difference could be results from 
fast evaporation of the convective dry air in the spray process, since not all the sulfur is 
encapsulated and protected in the pores of Ketjen Black. 
 
Fig. 2.5. TGA for air-controlled electrospray cathodes 
 
Electrochemical impedance spectroscopy (EIS) results for slurry coating and air-controlled 
electrospray are shown in (Figure 2.6b). The Nyquist plot in EIS is composed of two parts. At the 
medium to high frequency region, a depressed semicircle indicates the bulk resistance of 
electrolyte and charge transfer resistance. At the low frequency region, an oblique line is related 
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to the diffusion of lithium ions. [22] The sprayed system showed a smaller semicircle width 
compared to slurry coating electrodes, which corresponds to lower charge transfer resistance. This 
is due to excellent contact between active materials and carbon materials.  
 
Fig. 2.6. EIS characterization on slurry coating and air-controlled electrospray cathodes  
 
The redox behavior of the slurry coating and air-controlled electrosprayed sulfur cathodes was 
measured by cyclic voltammetry (CV) at a scan rate of 0.1 mV s-1. As shown in Figure 2.7, the 
cell with the slurry coated electrode exhibited two broad cathodic peaks and an anodic peak due 
to the sluggish kinetic process[23]. In comparison, the air-controlled electrosprayed electrode 
demonstrated an increase in current density, suggesting improved redox reaction kinetics and 
utilization of the active materials[23-24]. 
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Fig. 2.7. Cyclic voltammogram profiles on slurry coating and air-controlled electrosprayed 
cathode  
 
Results of cyclability tests conducted at a 0.2 C rate are shown in Figure 2.8. The sulfur loading 
was kept near 1 mg cm-2 for all different system. After an activation of 2 cycles, the discharge 
capacities of 598.9 mAh g-1, 347.2 mAh g-1, 478.3 mAh g-1 and 852.5 mAh g-1 were obtained for 
slurry coating, electrospray, air spray and air-controlled electrospray, respectively. The air-
controlled electrospray cell exhibited the highest discharge capacities compared to the reference 
slurry coating cathode. After 100 cycles, it was more obvious that the air-controlled electrospray 
cell maintained much more stable cycling with reversible capacity of 742.1 mAh g-1, while the 
slurry coating cell showed the worst retention among all. The difference came from the cracked 
surface in slurry coating, which allowed continuous dissolution of lithium polysulfides into the 
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electrolyte and active material loss. When the sulfur loading was increased to 3 mg cm-2, air-
controlled electrospray was still able to present an initial discharge capacity of 839.8 mAh g-1, and 
a reversible capacity of 538.6 mAh g-1 at the 100th cycle. However, electrospray and air-spray 
didn’t produce satisfactory discharge capacities, due to the highly dense surface resulting in 
smaller surface area available for reaction and poor accessibility of electrolyte.  Voltage profile 
for slurry coating and air-controlled electrospray at their 5th cycle was shown in Figure.2.9 to 
explore their behavior difference during charge and discharge. It is obvious that there was less 
overpotential in the air-controlled electrospray cell, this came from the higher conductivity in the 
system that enabled better kinetics. 
 
Fig. 2.8. Cycling performance for cells fabricated by slurry coating, electrospray, air spray and 
air-controlled electrospray 
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Fig. 2.9. Voltage profile of slurry coating and air-controlled electrospray 
 
The rate capability of cells at different C-rates is presented in Figure 2.10. As expected, the results 
followed a similar trend as cyclability. The difference in discharge capacities between the sprayed 
and slurry coating cells was even more conspicuous at high current densities, because of the 
significance of redox reaction kinetics. At a C-rate of 2 C, the air-controlled electrosprayed cell 
still maintained 49.9 % of its initial capacity, while the reference slurry coating cathode only had 
a retention of 7.2 %. A reversible discharge capacity of 756.8 mAh g-1 was able to recover after 
returning to 0.1 C for air-controlled electrospray. At a higher loading of nearly 3 mg cm-2, 32.3% 
of initial capacity remained at 2C. 
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Fig. 2.10. Rate capability test for cells fabricated by slurry coating, electrospray, air spray and 
air-controlled electrospray 
 
2.4. Conclusion 
In summary, air-controlled electrospray is an excellent coating process that enables controlled 
morphology by changing parameters such as electric field and air pressure. Both increasing electric 
field strength and air pressure can contribute to decreasing droplet size and increasing number of 
droplets and results in different morphology and different electrochemical performance. After 
optimization, uniformly coated crack-free Li-S cathodes were obtained with porous micro-sized 
structures. These electrodes demonstrated improved capacity, retention and rate capability. The 
well-developed structure was efficient not only in providing conductive pathways for sulfur 
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utilization, but also for trapping polysulfides. In addition, the novel technique shows more 
potential and high stability at high loading. 
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CHAPTER 3 
Fabrication of Layer-on-Layer Sulfur Cathodes  
via Air-Controlled Electrospray 
 
3.1 Introduction 
Overuse of fossil fuels in the last centuries has accelerated the need for new, clean and sustainable 
energy sources to mediate severe energy and environmental issues. The lithium-ion battery is one 
of the methods for energy conversion and storage that is part of the solution. It is widely applied 
in many areas, including portable electronic devices, grid storage and electric vehicles. However, 
development of lithium-ion batteries has met its bottleneck. Rechargeable lithium sulfur batteries, 
which use sulfur and lithium as cathode and anode materials, respectively, are regarded as one of 
the promising substitutes for next generation energy storage systems.  They have a high theoretical 
energy density (2600 Wh kg-1) and a high theoretical energy capacity (1675 mA h g-1) [1-4]. 
Moreover, the cathode active material, sulfur, is abundant, nontoxic, cost effective and 
environmentally friendly compared to materials in lithium-ion batteries. 
However, despite its high theoretical energy density, there are a few problems that need to be 
solved to release its potential for use in real applications. The main problem is the shuttle effect, 
which results from dissolution of intermediate polysulfides species. The higher order polysulfides 
dissolve in electrolyte, pass through the separator to the anode, and directly react with lithium. 
This causes a series of issues, including loss of active materials, formation of an unstable solid 
electrolyte interface (SEI), and high resistance, and leads to fast capacity fading and poor rate 
capability. The insulating nature of sulfur and polysulfides also increase the cell resistance and the 
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difficulty of utilizing sulfur in electrochemical reactions. Last but not least, there is an 80% volume 
change from sulfur to Li2S, which might passivate the reaction sites. [5,6]. 
Much progress has been made to address these issues in past decades. One of the most generally 
used methods is combining sulfur with conductive carbons, such as graphene oxide [4–6], , carbon 
nanotube [7,8], carbon nanofiber [9–12], or any functionalized carbon materials [13,14]. The 
various structures of carbon materials enhance the performance by increasing the conductivity and 
trapping polysulfides in the cathode through physical adsorption and/or chemical binding.  
Application of an interlayer has been one of the popular solutions to use carbon materials to help 
prevent polysulfide shuttling [15–17]. The Manthiram group reported that highly conductive 
carbon interlayers can act as both a barrier to suppress the polysulfide shuttle effect and as an 
“additional current collector” to enhance the electrochemical performance[16]. Wang and co-
workers also demonstrated the potential of using a reduced graphene interlayer and delivered a 
high initial discharge capacity of 1260 mAh g-1 [18].  
Another challenging problem is how to maintain a good performance at high sulfur loading to 
achieve a high areal capacity. One of the simple but effective strategies for high performance sulfur 
batteries with excellent capacity and cycling is an intercalated cathode with layer-by-layer 
structure. It was first reported by Manthiram and co-workers [19]. By blade-casting pure sulfur 
between Al foil and a CNF layer, a high areal specific capacity of 19 mAh cm-2 was obtained with 
a loading over 14 mg cm-2. Later, they further improved this method by stacking a tandem cell 
with multiple sulfur layers and carbon layers to an even higher sulfur loading at 16 mg cm-2 [20]. 
The layered structure not only makes it possible to fabricate a high loading nanostructure cathode, 
but also helps to mitigate shuttling effect by localizing polysulfides between layers and prolonging 
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their migration route. Li and co-workers also applied the similar layer structure strategy with PANI 
and CNT, obtaining remarkable results. [21] 
 
In this chapter, we propose a solution for high loading lithium sulfur batteries by combining air-
controlled electrospray and layer-on-layer technique. Applying the air-controlled electrospray 
technique enables an optimized sulfur layer coating with stable and porous structure that is 
favorable for active material utilization and shuttle effect mitigation. Meanwhile, the layer-on-
layer strategy helps to improve the performance at high loading by trapping polysulfides locally 
between layers and prolong the migration route. 
 
3.2 Experimental Methods 
3.2.1 Preparation of Sulfur-Carbon solution 
0.8 g of active sulfur material was mixed and grinded with 0.2 g of Ketjen Black. Then, the mixture 
was heat treated under air at 155oC for 12 hours to ensure sulfur encapsulation in Ketjen Black. 
The KB/S mixture, graphene and polyacrylic acid were dispersed at 7:2:1 mass ratio in water and 
IPA at 7:3 volume ratio to have 6% solid content. The solution was sonicated at room temperature 
for one hour. 
3.2.2 Coating of air-controlled electrospray sulfur layer 
Lithium sulfur cathode solution was sprayed onto carbon coated aluminum foil using a coaxial 
needle (12-gauge inside, 16-gauge outside). The infusion rate and distance were kept at 0.05 ml 
min-1 and 10 cm, respectively. The voltage and air pressure were set up as 25 kV/ 15 psi.  
3.2.3 Coating of air-controlled electrospray graphene layer 
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Graphene water solution (4 wt%) was sprayed using the same coaxial needle (12-gauge inside, 16-
gauge outside). The infuse rate and distance were kept at 0.05 ml min and 20 cm, respectively. The 
voltage and air pressure were set up as 25 kV/ 25 psi.  
3.2.3 Fabrication of cathodes 
Li-S cathodes were fabricated by integrating air-controlled electrospray and layer-on-layer 
technique. One sulfur layer was sprayed at the bottom on carbon coated aluminum foil, and another 
graphene layer was spray on top. By this stacking, multi-layer cathodes, such as four-layer sulfur-
graphene-sulfur-graphene electrodes, were able to be fabricated. 
3.2.4 Electrolyte Composition  
The electrolyte was 1 M of bis(trifluoromethane)sulfonimide lithium salt (LiTFSI) and 0.15 M of 
lithium nitrate (LiNO3) in a 1:1 volume ratio of 1,2-dimethoxyethane (DME) and 1,3-Dioxolane 
(DOL). All were purchased from Sigma Aldrich. 
3.2.5 Characterization Methods 
Thermogravimetric analysis (TGA) was conducted on a TA Instruments Q500 with a rising 
temperature of 10 oC min-1 under nitrogen. Scanning electron microscopy (SEM) and Energy 
Dispersive X-ray (EDX) images were taken using a Tescan Mira3 FESEM.  
Cathodes were assembled into 2032-type coin cells consisting of Li metal anodes (MTI 
Corporation) in an argon-filled glovebox. Cyclic voltammetry and electrochemical impedance 
spectroscopy (EIS) tests were performed using a potentiostat (BioLogic BCS 815). Cycling and 
rate capability test were carried out with a battery cycler (MTI Corporation) at room temperature. 
 
3.3 Results and Discussion 
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The cathodes were fabricated by combining air-controlled electrospray and layer-on-layer 
technique as shown in Figure 3.1. Figure 3.2a shows the image of sulfur layer coating, which had 
uniform, porous surface with dark grey color. The graphene layer had smoother surface with 
light grey color as shown in Figure 3.2b. 
 
Fig. 3.1. Schematic illustration of cathode structure of layer-on-layer system  
 
Fig. 3.2. image of a) active material layer b) graphene layer 
 
Figure 3.3 presents the surface scanning electron microscopy (SEM) images and the corresponding 
elemental mapping results of the KB/S-Gr layer in layer-on-layer cathode before cycling. In the 
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KB/S-Gr active-material layer, the sulfur particles were homogeneously distributed. Ketjen Black 
provides micro porous structure for immobilizing the polysulfides and the conductive pathways 
for reducing resistance. The graphene conductive layer showed complete coverage of the sulfur 
layer beneath as shown in Figure 3.4. The thin layer of graphene can effectively retard the diffusion 
of polysulfides. Figure 3.5 shows the cross-section images of four-layer cathodes with thick 
graphene layers. Thanks to air-controlled electrospray, the porous sulfur layer had an intimate 
contact with the dense graphene layer. 
 
 
Fig. 3.3. SEM images and corresponding elemental mapping for active material layer  
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Fig. 3.4. SEM images and corresponding elemental mapping for graphene layer  
 
 
Fig. 3.5. SEM images and corresponding elemental mapping for cross-section image of layer-on-
layer (4 layers) system  
 
41 
 
Electrochemical impedance spectroscopy (EIS) results were obtained for air-controlled 
electrospray, and layer-on-layer electrodes with different thickness coating of graphene layer. At 
the medium to high frequency region of the Nyquist plot, a depressed semicircle can be interpreted 
as the bulk resistance of electrolyte and charge transfer resistance. According to Figure 3.6, the 
air-controlled electrospray cathode had the highest resistance. This can be explained by the higher 
amount of highly conductive graphene in the layer-on-layer electrodes. Meanwhile, the thicker the 
graphene layer, the lower the resistance. At the low frequency region, an oblique line tells the 
diffusion lithium ions[22]. The dense graphene layer largely hindered the ion diffusion, which 
resulted in the lowest slope and worst diffusion in the layer-on-layer electrode with thick graphene 
layer. 
 
Fig. 3.6. EIS characterization on air-controlled electrospray and layer-on-layer cathodes with 
different thickness of graphene layer 
Cyclability tests were conducted at a 0.2 C rate for conventional one-layer air-controlled 
electrospray, two-layer and four-layer cathodes. Results were presented in Figure 3.7. At the sulfur 
loading of 1mg cm-2, layer-on-layer electrodes already showed improved capacities over the air-
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controlled electrospray electrodes. More importantly, the additional graphene layer effectively 
trapped polysulfides and made a big difference in cycle life, where two-layer and four-layer 
electrodes exhibits a better capacity retention after 100 cycles. The advantage of layer-on-layer 
structure was further emphasized at higher loading. At a loading of 3 mg cm-2, the superb 
performance still maintained. Due to the difficulty in ion diffusion from graphene layer, it took 
nearly 20 cycles for the cell to be fully activated and exhibit a high capacity of 868.1 mAh g-1 after 
running for 100 cycles. Voltage profile at 5th cycle was plotted in Figure.3.8 to explore their 
behavior difference. All cells, except for the high sulfur loading one, showed well defined plateau. 
One difference is that, without layer of graphene, air-controlled electrospray cell showed a larger 
overpotential due to less conductivity. The Layer-on-Layer cell was still in activation at this time, 
it had a short and fast-decreasing second plateau, which indicated problem in further conversion 
to insoluble long chain polysulfide with inadequate reaction sites.  
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Fig. 3.7. Cycling performance for cells fabricated by air-controlled electrospray and layer-on-
layer cells 
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Fig. 3.8. Voltage profile of air-controlled electrospray and Layer-on-Layer cells 
 
The rate capability test was also carried out at different current densities for one-layer air-
controlled electrospray and layer-on-layer (2 layers) electrodes at a loading of 1mg cm-2 as shown 
in Figure 3.9. As expected, the layer-on-layer cell shower a high discharge capacity at a relatively 
low C rate. Even when the current density increased to 1 C, the cell with layer-on-layer structure 
still maintained 67.0 % of its initial capacity, whereas it was 57.5% for the one-layer cell. However, 
at 2 C, the result was completely different, the capacity retention for the two-layer and one-layer 
cells were 37.6% and 49.3% respectively. This can be explained by the limit of ion diffusion due 
to the dense graphene layer, as discussed with EIS.  
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Fig. 3.9. Cycling performance for cells fabricated by air-controlled electrospray and layer-on-
layer cells 
 
After cycling finished, the cells were dissembled, and SEM and EDS analysis was carried out on 
the anode side. As shown in Figure 3.10, lithium metal of the one-layer cathodes had severe 
dendrite issues, which indicates a higher extent of side-reactions due to higher concentration of 
polysulfides migrating through the separator from the cathode. On the contrary, with the coating 
of graphene, the shuttling effect was less severe and polysulfides were successfully trapped locally. 
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Fig. 3.10. SEM image of the anodes after cycling for a) air-controlled electrospray and b) layer-
on-layer cell 
3.4. Conclusion 
In conclusion, by combining air-controlled electrospray and the layer-on-layer technique, a facile 
process was used to fabricate Li-S cathodes for high sulfur loading. The graphene layer not only 
acted as an additional current collector to increase the conductivity and improve sulfur utilization, 
but also worked as part of the layer structure for local polysulfide trapping and mitigation of the 
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shuttle effect. However, one issue needing to be further addressed is that thick and dense graphene 
layers can negatively influence ion diffusion in the cathode and worsen cell performance at high 
current densities. Thus, future work needs to be done to optimize the layer-on-layer structure 
deposited by air-controlled electrospray. 
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Chapter 4 
Current Collector Free and High Gravimetric Energy Density of Lithium Sulfur Battery 
via Air-controlled Electrospray Process 
4.1 Introduction 
Amid the rapid development of technology, the demands of energy storage have been increasing 
exponentially. The current commercial lithium-ion battery has approached its limit. One promising 
candidate for the next generation of energy storage is the lithium sulfur (Li-S) battery [1,2]. Li-S 
battery technology has been gaining momentum due to its high theoretical energy density and low 
cost. However, setbacks including active material dissolution, shuttle effect, and insulating sulfur 
materials hinder the technology commercialization [3,4]. 
 
Many approaches have been conducted to improve the overall energy density and prolong the cycle 
life of lithium-sulfur. One of the most popular approaches is infusing sulfur materials into a porous 
carbon structure [5]. Carbon is cheap and provides an excellent conduit for electron transfer to 
improve sulfur utilization. Other investigations have been focused on modifying the mechanical 
and chemical structures of the electrode and separator. Several examples of physical approaches 
are implementing a porous carbon network structure as a cathode [6], embedding carbon nanofiber 
as an interlayer [7], coating the separator with carbon [8], and tuning the pore distribution within 
the carbon network to provide more access for diffusion of lithium-ion and suppress the migration 
of intermediate species [9]. Examples of chemical approaches include chemically adding 
functional groups or electronegative components, such as graphene oxide [10,11], cobalt disulfide 
[12], and titanium oxide [13], to either repel or absorb the polysulfides and suppress their diffusion, 
consequently prolonging retention and improving capacity.  
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In this work, we employed a unique method to improve the overall gravimetric energy density by 
eliminating the metal current collector, thereby lowering the overall cell cost. Previously, we 
reported a binder-free and instant dry process for lithium-ion battery electrode fabrication [14]. 
Here, we apply a similar process for the lithium-sulfur system. Previous literature observed that 
by adhering the active material directly onto the separator, higher capacity could be achieved 
mainly due to the removal of binder and 3D morphology generated by vacuum filtration [15]. We 
developed the current-collector free concept for lithium-sulfur batteries by using an air-controlled 
electrospray process to deposit material directly onto the separator.  
 
Graphene was electrosprayed onto a Celgard separator to improve the electrical conductivity and 
suppress polysulfide diffusion [16]. Afterwards, active materials were directly electrosprayed onto 
the graphene coated separator, thus eliminating the current collector that contributes more than 
50% of the total electrode weight for an active material loading below 4.34 mg cm-2. The air-
controlled electrospray process induces fast solvent evaporation due to the drag force from the air 
that impinges the droplets, leaving dry solute on the target [17]. The schematic and digital images 
of the air-controlled electrospray process on both a current collector and polymer separator are 
depicted in Figure 4.1 below. 
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Fig. 4.1. a) Schematic illustration of air-controlled electrospray process for active material 
deposition b) Deposition of active materials onto aluminum current collector c) Deposition of 
active materials onto graphene coated separator.  
 
4.2 Materials and Methods 
4.2.1 Preparation of the active material solution 
For the active material, 0.072 g of sulfur was mixed with 0.018 g of Ketjen Black (AkzoNobel). 
The mixture was then heat treated at 155oC for 12 hours to ensure sulfur infiltration. Afterward, 
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100 mg of 10 wt% graphene solution (ACS Nano) was added to the mixture. The final composition 
of sulfur:Ketjen Black:graphene was about 72:18:10. Finally, the mixture was dispersed in 5 ml 
water and isopropanol solvent at 8:2 v/v ratio.  
4.2.2 Fabrication of graphene coated separator  
First, 5 ml of the 10% wt of graphene solution(ACS nano) was diluted to 4 wt% in water. Then, 
the diluted solution was deposited onto the Celgard separator with air-controlled electrospraying. 
The electrospraying conditions are as follows: 25 kV applied voltage, 10 cm distance from the 
nozzle tip to the collector, 12 psi convective airflow rate, and 0.1 ml min-1 solution pump rate. 
After the Celgard separator was uniformly coated with a graphene layer, it was punched into 20 
mm diameter disks. Typical graphene coating was around 0.2 – 0.4 mg cm-2.  
4.2.3 Active material deposition onto the aluminum current collector 
Similarly, 5 ml of sulfur-carbon solution from step 2.1 was sprayed onto the aluminum current 
collector for the reference cell. The voltage applied was 25 kV, distance from the nozzle tip to 
current collector was 12 cm, convective airflow rate was 10 psi, and solution pump rate was 0.1 
ml min-1. After deposition, the electrode was punched into 17.5 mm diameter disks. Typical 
active sulfur loading was around 0.6 – 0.8 mg cm-2 and the content was around 72% as measured 
by the TGA.  
4.2.4 Active material deposition onto celgard separator 
Polyethylene terephthalate (PET) film with previously punched electrode sized holes was placed 
on top of the punched disks of coated separators to immobilize the target and direct the active 
material deposition to the center. Electrospraying conditions were similar to those used for the 
reference electrodes above.       
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4.2.5 Electrolyte Composition  
The electrolyte was 1 M of bis(trifluoromethane)sulfonimide lithium salt (LiTFSI) and 0.1 M of 
lithium nitrate (LiNO3) in a 1:1 volume ratio of 1,2-dimethoxyethane (DME) and 1,3-Dioxolane 
(DOL). All were purchased from Sigma Aldrich. 
4.2.6 Characterization Methods 
Thermogravimetric analysis was carried out with a TA Instruments Q500 at a heating rate of 10 
oC min-1 under an N2 atmosphere. X-ray diffraction analysis was conducted with a Bruker D8 
Advance ECO powder diffractometer from 10o to 80o at a scan rate of 0.1o s-1. Scanning electron 
microscopy (SEM) images were taken using a Tescan Mira3 FESEM. Electrochemical 
characterizations of the coated separator were performed using 2032-type coin cells consisting of 
Li metal anodes (MTI Corporation). All cells were assembled in an argon-filled glove box. 
Cyclic voltammetry and electrochemical impedance spectroscopy (EIS) tests were performed 
using a potentiostat (BioLogic BCS 815). Galvanostatic charge/discharge cycles were carried out 
in the voltage range of 1.8-2.8 V using a battery cycler (MTI Corporation) at room temperature. 
All current densities, specific discharge capacities, and rate capability are calculated in this study 
were based on sulfur mass. Gravimetric discharge capacity is calculated based on the total 
material mass on the cathode side. 
 
4.3 Results and Discussion 
Images of active material on both the aluminum current collector (S-Al) and graphene-coated 
separator (S-Sep) are presented in Figure 4.2a below. The grey color of the separator shows that 
graphene uniformly covers its entire surface. It has been previously shown that a carbon coated 
separator improves the electrical conductivity and suppresses polysulfide diffusion [8]. For the 
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configuration in this work, graphene was used to provide a flat surface for active sulfur material 
deposition. The schematic illustration of both systems is shown in Figure 4.2b & 4.2c below. The 
reference cell S-Al system is also tested with a graphene-coated separator to provide a fair 
comparison of both systems. The S-Sep system is bendable (Figure 4.2d,e) and preserves its 
structure even after bending, which offers potential for future flexible substrate applications. 
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Fig. 4.2. a) Digital image of S-Al (left) and S-Sep (right).  b) Schematic illustrations of S-Al and 
c) S-Sep for our systems d,e) Flexible S-Sep cathode during bending and f) after bending. 
  
The SEM images of both systems are displayed in Figure 4.3a-d below. From the cross-sectional 
images (Figure 4.3a,b), continuous and smooth transition layers of sulfur active materials with 
either the metal current collector or Celgard separator are observed. Unfortunately, the graphene 
layer of S-Sep is unable to be seen because of its extremely thin structure (on the order of 
nanometers). The interface between active material and coated separator will be different for both 
S-Al and S-Sep configurations in the assembled cell. For the S-Al system, there will be a 
discontinuous interface between the sulfur active material and separator due to them simply being 
compressed together. The presence of electrolyte might also form a thin layer between the 
separator and the cathode, which might increases the overall cell resistance. However, in the S-
Sep system a continuous interface between active material and graphene-coated separator was 
established due to the direct deposition of the active material. In the top-view SEM images (Figure 
4.3c,d), both systems show a porous morphology as a result of the spraying process. Having a 
porous mechanical structure is very beneficial in the sulfur battery, because it enhances electrolyte 
wetting and consequently improves sulfur utilization [18]. X-ray diffraction (XRD) was used to 
characterize some features of S-Al and S-Sep (Figure 4.3e). Both systems exhibit a distinguished 
peak at 27o, which corresponds to a graphitic peak from the presence of graphene in the system 
[19]. Lastly, the circle and rectangle peaks correspond to celgard separator and aluminum current 
collector, respectively [20,21].  
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Fig. 4.3. Cross-section SEM images of a) S-Al and b) S-Sep systems. Top view SEM images of 
c) S-Al and d) S-Sep SEM images. e) XRD characterization on S-Al and S-Sep systems. 
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To check the consistency of sulfur content after spraying, the active materials were scraped from 
the aluminum collector for thermogravimetric analysis (TGA). From the S-Al TGA spectrum 
(Figure 4.4a), the sprayed sulfur content was around 75%, which was 3% higher than the original 
composition. Fast evaporation from the convective dry air causes a slight carbon loss during the 
spray process. Ketjen black and graphene are very light materials, and easily blown away. Based 
on the electrochemical impedance spectroscopy (EIS) in Figure 4.4b, the S-Sep system shows a 
smaller semicircle width than that of S-Al, which corresponds to lower charge transfer resistance. 
This might be due to excellent contact between active materials and graphene-coated separator 
and/or elimination of aluminum current collector. On the other hand, rough morphology from S-
Al might result in poor contact between active materials and separator, leading to the higher 
resistance.  
 
Cyclic voltammogram (CV) profiles of S-Al and S-Sep are presented in Figures 3.4c and 3.4d, 
respectively, to evaluate the electrochemical performance between the two systems. Both curves 
exhibit two reduction peaks at 2.3V and 2.0V, which dictate the reductions of higher order and 
lower order polysulfides, respectively. An oxidation peak at around 2.4V refers to the formation 
of sulfur particles [22]. Both CV profiles show a polarization effect that may be attributed to a 
relatively high content of sulfur, which requires significant energy to reduce it. On the first cycle, 
S-Al shows a small peak for the lower order polysulfide reaction whereas in S-Sep does not. One 
possible explanation is that the porous mechanical structure of S-Al has a higher exposed surface 
area for the sulfur-electrolyte interface. In the case of the S-Sep system, a dense surface between 
the sulfur/separator interface causes more difficult electrolyte penetration, and ultimately results 
in less reaction sites and sluggish kinetic for the first cycle.  
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To evaluate battery cell performance, cyclability tests were carried out at a 0.25C rate . Sulfur 
loading in both systems was around 1 – 1.2 mg in total. Based on Figure 4.4e below, both systems 
show a similar specific capacity performance. It implies that although S-Sep possesses lower 
electrical resistance, S-Al has more ionic accessibility because of its rough and porous structure 
facing the separator. When comparing specific capacity (Figure 4.4e), S-Al shows a very close 
performance compared to S-Sep, which is expected since they have similar composition and 
chemistry. S-Al and S-Sep exhibit initial capacities at 1220 mAh g-1 and 1141 mAh g-1, 
respectively. After 100 cycles, S-Al and S-Sep show final discharge capacities at 658 mAh g-1 and 
663 mAh g-1, respectively.  However, the distinction between the two systems can be seen clearly 
by looking at their gravimetric capacity (Figure 4.4f). Instead of calculating by mass of sulfur 
material, the total capacity was divided by the total material mass on the cathode side: sulfur, 
carbon, and, if present, the aluminum current collector. S-Al shows an initial gravimetric capacity 
of only 138 mAh g-1, whereas S-Sep shows an initial capacity at 821 mAh g-1.  S-Sep shows a 
reversible gravimetric capacity at around 600 mAh g-1 and S-Al shows a gravimetric capacity at 
around 100 mAh g-1. The presence of aluminum contributes to more than 50% of total mass on the 
cathode side, especially when sulfur loading is relatively low (below 3 mg cm-2).  
 
Rate capability shown in Figure 4.4g illustrates consistent behavior with the cycling performance 
for both systems, despite them having high sulfur content (~75 %). Both systems show a similar 
discharge capacity at different rates. Even at 2C, both samples show capacity at around 450 mAh 
g-1. By directly depositing active materials onto the separator via an air-controlled electrospray 
process, high gravimetric energy density batteries can be obtained.  
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Fig. 4.4. a) TGA on sprayed sulfur.  b) EIS characterization on S-Al and S-Sep. c) Cyclic 
voltammogram profiles on c) S-Al and d) S-Sep. e) Specific capacity and f) gravimetric capacity 
of S-Al and S-Sep calculated based on sulfur mass and total mass respectively. g) Rate capability 
of S-Al and S-Sep systems calculated based on sulfur mass.       
  
After cycling was finished, the surfaces of both systems were analyzed with SEM (Figure 4.5a,b). 
The S-Al surface in Figure 4.5a was facing the separator, whereas the S-Sep surface in Figure 4.5b 
was facing the coin cell end cap, away from the lithium anode. S-Al shows a dense and packed 
morphology while S-Sep displays a porous structure. The change of S-Al structure from porous to 
dense might be attributed to the imaged surface was the first to be accessed by electrochemical 
reactions. The unchanged porous structure before and after cycling from S-Sep shows that no 
significant electrochemical reaction occurred furthest from the lithium anode. This may be due to 
the formation of dense electrode material layer on the separator side (similar to Figure 4.5a), 
restraining lithium ions from diffusing through the electrode, ultimately minimizing 
electrochemical reactions on the back side and preserving the porous structure.      
 
 
Fig. 4.5. Top view SEM images of a) S-Al and b) S-Sep. 
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4.4 Conclusion 
Air-controlled electrospraying is a process which can be used to excellently coat various surfaces. 
By coating sulfur active material directly onto the separator, the need of an aluminum current 
collector in a Li-S battery was eliminated. By removing the current collector during assembly, 
gravimetric capacity was increased, offering potential to reduce production costs in future Li-S 
commercialization. In this work, we only employed a low sulfur loading for a proof of concept.  
To compete with conventional lithium-ion battery technology, higher sulfur loading with high 
capacity and excellent capacity retention is required. In future work, we will employ high sulfur 
loading with relatively high gravimetric energy density by depositing the active materials directly 
onto functional polymer materials, such as polyimide based separators. In addition, coating an 
extra carbon layer on the separator side facing the lithium anode offers potential to mitigate 
polysulfide diffusion even further 
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Chapter 5 
Future Work 
 
The idea of combining Lithium-sulfur cathodes and air-controlled electrospray in different 
applications has shown their potential and synergy based on the results presented. Due to time 
constraint, this project has not been fully explored and the scientific reasons behind some results 
haven’t been explained or proved, especially for the Layer-on-Layer project. In the future work, 
effort is needed first to find an optimum structure and ratio of active material layer and graphene 
layer for better utilization of graphene materials with less hindrance for ion diffusion. Second, the 
layer effect can be investigated, like the influence to electrochemical performance with more layers 
at the same loading. Third, more layers can be stacked to fabricate cathodes with a sulfur loading 
of 5mg/cm2 or more. Fourth, the idea of Chapter 3 and Chapter 4 can also be integrated to make 
current collector free cells with high loading and Layer-on-Layer structure. 
  
 
